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INTRODUCTION 

The syn thes i s  o f  hydrocarbons and oxygen c o n t a i n i n g  organic  chemicals by 
r e a c t i o n  o f  CO and H2 ove r  c a t a l y s t s  has been i n v e s t i g a t e d  e x t e n s i v e l y  i n  t h e  past .  
Th is  work i s  summarized i n  a number o f  rev iew  papers (1-4). More r e c e n t l y  a number 
o f  workers have been a c t i v e  i n  i n v e s t i g a t i o n  o f  these r e a c t i o n s  (5 -9 ) .  
extens ive prev ious l i t e r a t u r e  no p a r t i c u l a r  emphasis was g i v e n  t o  t h e  p r e f e r e n t i a l  
product ion o f  lower  mo lecu la r  weight  hydrocarbons.+ M o s t l y  t h e  prev ious work has 
been concerned w i t h  t h e  fo rma t ion  o f  methane and C5 hydrocarbons and oxygenated 
d e r i v a t i v e s .  There i s  an excep t ion  t o  t h i s  i n  t h e  ex tens i ve  work done i n  Germany 
on isobuty lene p roduc t i on  i n  t h e  I sosyn thes i s  Process (10) .  

I t, t h e r e f o r e ,  was t h o u g t t t o  be wor thwh i l e  t o  r e i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  
f o r  t h e  s p e c i f i c  p r o d u c t i o n  o f  C2-C4 m a t e r i a l s  w i t h  de-emphasis on t h e  p roduc t i on  
o f  CH4 and C$ substances o r  t h e i r  e l i m i n a t i o n  as products ,  i f  poss ib le .  Th i s  r o u t e  
might  open up new sources o f  C2-C4 hydrocarbons f o r  use i n  t h e  impor tan t  petrochem- 
i c a l  i n d u s t r y  which i n  r e c e n t  yea rs  has been moving i n  t h e  d i r e c t i o n  o f  heavier  feed 
stocks t o  meet the demands f o r  e thy lene,  propy lene and C4 hydrocarbons (11) .  

Th is  paper i s  a f i r s t  o f  a s e r i e s  o f  p u b l i c a t i o n s  from t h i s  l a b o r a t o r y  on the  
product ion o f  C2-C4 hydrocarbons from CO/H2 m ix tu res  and deals  w i t h  exp lo ra to ry  
research on a v a r i e t y  o f  known Fischer-Tropsch c a t a l y s t s .  
a gu ide  a number o f  c a t a l y s t s  were prepared and tes ted .  
temperature, pressure, gas f l o w  r a t e  and Hz/CO r a t i o  o f  t h e  feed gas were p r e l i m i n -  
a r i l y  i n v e s t i g a t e d  t o  s e l e c t  t h e  most p romis ing  reg ime f o r  s tudy o f  t he  chosen 
c a t a l y s t s .  
c a t a l y s t s  p repara t i on ,  t e s t i n g  procedures and the  r e s u l t s  obta ined a r e  presented i n  
t h i s  paper. 

I n  t h i s  

Using t h e  l i t e r a t u r e  as 
Reaction cond i t i ons ,  

The c a t a l y s t s  chosen f o r  t e s t i n g  were Fe, Co, N i ,  Cu, and Th02. The 

EXPERIMENTAL 

I. Cata l ys t  

The c a t a l y s t s  t e s t e d  i n  these s tud ies  were prepared by c o p r e c i p i t a t i o n  and 
impregnation methods. Composit ions o f  t h e  c a t a l y s t s  a re  based on t h e  q u a n t i t i e s  
of meta l  s a l t s  used i n  t h e  p r e p a r a t i o n  assuming complete p r e c i p i t a t i o n  o r , i n  the 
case o f  impregnation, complete adsorpt ion o f  t h e  aqueous s o l u t i o n s  used. 
complete composi t ional  a n a l y s i s  o f  t he  c a t a l y s t s  a r e  now being done by a n a l y t i c a l  
methods. 

More 

Table ( I )  con ta ins  i n f o r m a t i o n  on t h e  c a t a l y s t s  tested;  

11. D e s c r i p t i o n  o f  C a t a l y s t  Tes t i ng  Equipment 

The r e a c t o r  f l o w  diagram i s  shown i n  F igu re  1. Carbon monoxide-Hp m ix tu res  

The r e a c t o r  was made o f  314 s t a i n l e s s  s t e e l  t ub ing ,  one f o o t  l ong  having an 

prepared by L inde S p e c i a l i t y  Gas D i v i s i o n  o f  Union Carbide Co., were used. 
Hz/CO r a t i o s  were 1/1, 3/2, 2/1, 7 / 3 ,  and 3/1. 

o u t s i d e  d iameter  o f  1 i n c h  and an i n s i d e  d iameter  o f  0.5 i nch .  A 1 - i nch  t h i c k  
aluminum s h i e l d  was p laced around the r e a c t o r  tube t o  i n s u r e  even temperature d i s -  
t r i b u t i o n  i n  t h e  r e a c t o r .  Ca ta l ys ts  were loaded i n  t h e  m idd le  s e c t i o n  o f  t h e  
r e a c t o r  tube and ceramic spacers were used be fo re  and a f t e r  t h e  c a t a l y s t s  bed. 
thermocouple was used t o  measure t h e  c a t a l y s t  bed temperature and another thermocouple 
was used t o  measure t h e  temperature o f  t h e  aluminum s h i e l d .  
aluminum s h i e l d  was connected t o  a temperature c o n t r o l l e r .  There was l e s s  than an 
0.5- c d i f f e r e n c e  between t h e  two measured temperatures when t h e  r e a c t i o n  cond i t i ons  

The 

One 

The thermocouple i n  the 
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reached equilibrium. 

sieve a n d  then tab le t ted  in to  pe l l e t s .  
+25 mesh s i ze  before loading in the reac tor .  
t o  the desired temperature, pressure, and input flow r a t e  pr ior  t o  samplinq of pro- 
ducts. 
chromatograph columns f o r  analysis.  

The ca ta lys t s  were oven dried a t  110' C ,  ground t o  pass t h r o u g h  a 200-mesh 
These pe l l e t s  were l a t e r  crushed t o  -14, 

The reaction variables were adjusted 

Gas samples were taken a t  appropriate times and injected d i r ec t ly  in to  

111. Analysis and Calculation o f  Results 

A molecular sieve 5A column was used t o  analyze H2,  N2, CO and  CH4. S i l i ca  
gel was used to analyze H z ,  CO2 and C2H An activated alumina column w i t h  F.I.D. 
was used t o  analyze l i g h t  hydrocarbons f i 2 ) .  A carbowax 1500-teflon column was used 
t o  analyze water and alcohols.  
Liquid condensate was captured in a cyclone separator and a room temperature co l lec tor .  
Reaction conditions were adjusted to  minimize production of l iqu id  hydrocarbons. A t  
times small amounts were produced; these were recovered and analyzed. 
was analyzed usin9 an ac t iva ted  alumina column as  the G . C .  oven was heated up  to  
370' C. 
decreasing with molecular weight. 

have integrator equipment on the i n p u t  flow. 
an o u t p u t  basis. T h i s  will  lead t o  small e r rors  only since considerable care was 
taken t o  obtain complete recovery and accurate analysis onthe product. 
of conversion and s e l e c t i v i t i e s  were done by computer onthe basis of carbon a tom 
balance. 
conversion or s e l e c t i v i t y  calculations.  
the analysis when material balances a r e  possible.  

An OV-17 column was used t o  analyze l iqu id  hydrocarbons. 

The C t  fraction 

These products came out i n  sequence of carbon atom number, the amounts 

Calculation of an accurate material balance was n o t  possible s ince  we d i d  not 
Consequently, a l l  ca lcu la t ions  a r e  on 

Calculations 

Water was collected as a l iqu id  product b u t  was n o t  included in the  
A t  a l a t e r  date water will  be included in 

CO conversions were calculated i n  the following manner: 
All components were on a molar volume basis.  

10 10 

i = l  i=2 
X = CO + C02 + Z iCiH2i+2 + Z iCi HZi + Z alcohols 

( a l l  i n  the product gas) 
10 10 

i =1 i =2 
Y = COP + 1 iCiH2i+2 + e  iCiHpi + C alcohols 

( a l l  in product gas) 
10 10 

Cf = c i C i H 2  i+2 + C 
i=5  i =5 

Y CO conversion % = x x 100 

Se lec t iv i t i e s  fo r  d i f f e ren t  product 
C02 in product gas 

COP% = Y 

CH4% = Y 

X 

C H 4  in product gas 
X 

C,-C, i n  product gas 

i CiHZi  

f rac t ions  a re  calculated as :  

00 

00 

x 100 c2-c4 = It Y 
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C$ in product gas 
x 100 Y c; % = 

C2H4% x 2+ C3H6% x 3t(1C4H8% -+ 2C4H8% + i C H %)x  4 
O'' = C2H6% x 2+ C3H8% x 3 + (nC4H1, ,% + i C4H10'$+ x 100 

R-OH% = C alcohols i n  product gas  
Y 

The composition analyses car r ied  o u t  and calculated as described a r e  thought t o  be 
qu i t e  r e l i ab le .  A t  t he  present s t a t e  of development the reproducib i l i ty  and accuracy 
of the r e su l t s  are estimated t o  be within k 3-5 uni t s  on the percentages given. 

RESULTS AND DISCUSSION 

While the l i t e r a t u r e  dealing with carbon monoxide hydrogenolysis i s  quite 
voluminous onthe metals we have chosen fo r  study, i t  i s  d i f f i c u l t  i f  not impossible 
t o  determine t h e i r  r e l a t i v e  effectiveness f o r  the pa r t i cu la r  products of i n t e re s t  
in our research. Also ca t a lys t s  of i n t e r e s t  f o r  our purposes a re  a l l  not commerci- 
a l l y  available so i t  was necessary t o  synthesize our own a s  well a s  use commercially 
available ca t a lys t s .  Likewise, the l i t e r a t u r e  of Fischer-Tropsch i s  a rough guide 
only in choice of reaction conditions for our studies.  I t  was necessary t o  carry 
o u t  a number o f  preliminary studies to or ien t  our program t o  su i t ab le  temperatures, 
pressures, H 2 / C O  r a t i o s  and flow ra tes .  The synthesis i s  highly exothermic, con- 
sequently conversion rate-ust be adjusted so tha t  temperature r i s e  i s  not excessive 
in small ca t a lys t  bed. 
influencing conversion and once the temperature range was s e t  the ranges of the 
o ther  variables were chosen n o t  only f o r  processing reasons but a l so  fo r  convenience 
in experimentation, handling of materials and minimizing the  use of feed gases. 

Iron Catalyst  

a f t e r  proper reduction and n i t r id ing  a re  very ac t ive  f o r  reduction of CO a t  the 
conditions chosen. Cata lys t  26 was so ac t ive  t h a t  the temperature of the  ca t a lys t  
rose t o  260° C instead of 225O C which was intended a t  the beginning of the  run. 
These ca ta lys t s  give low methane production r e l a t ive  t o  C2- C4 and give the  l m e s t  
CHq/C2-C4 r a t i o  of a l l  the ca t a lys t s  tes ted .  
i s  a l so  modest as  i s  the  production of R-OH. 
ca ta lys t s  i s  the h i g h  o le f in /paraf f in  r a t i o  of the C2-C4 hydrocarbon. The iron 
ca ta lys t s  generally give h i g h  C02 y ie lds .  
be a good ca t a lys t  f o r  the water gas s h i f t  reaction. Iron ca t a lys t  22 prepared by 
prec ip i ta t ion  of the  n i t r a t e  and containing cop e r  as  a promoter was not ac t ive  a t  
225O C .  

and product d i s t r ibu t ions  of these ca t a lys t s  a r e  comparable with i r o n  alone on 
Kieselguhr (23) and s in te red  iron synthetic ammonium ca ta lys t  ( ICI) .  
very active and a l toge ther  gave the most favorable product d i s t r ibu t ion  of a l l  
ca ta lys t s  t e s t ed .  
and i s  a subjec t  f o r  fu r the r  work. 

two d i f f e ren t  reduction treatments. 
followed by n i t r id ing  w i t h  NH3 a t  325O C gives a ca t a lys t  which i s  more ac t ive  than 
Pretreatment w i t h  H2 a t  450° C 
25O C higher than t h a t  fo r  t he  same ca ta lys t s  w i t h  pretreatment b ) .  
difference here i s  the s tep  of n i t r i d ing  i n  the pretreatment step.  
known t o  make iron ca t a lys t s  more ac t ive  f o r  Fischer-Tropsch synthesis (13,14). 

Temperature proved t o  be the most important var iab le  

Referring to Table I1 a number o f  conclusions a re  apparent. Iron ca ta lys t s  

The amount of CO disappearing t o  Cf 
Notably outstanding f o r  the iron 

This was expected since iron i s  known t o  

However, i t  became qu i t e  ac t ive  a t  265 C (Table 111). 
Catalysts 22 and 26 contain copper as a promoter, however, the a c t i v i t i e s  

The l a t t e r  was 

The e f f e c t  of copper on iron ca t a lys t  is n o t  known a t  th is  time 

Table I11 gives fu r the r  data on i r o n  ca t a lys t s .  Catalyst  (ICI) was given 
Pretreatment by reduction in H2 a t  550 C 

(temperature required fo r  s imi la r  conversion was 
The impor t an t  

Such a s tep  i s  
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Data in Table 111 fo r  ca t a lys t  22 shows the e f f e c t  of temperature o n  
ca t a lys t  ac t iv i ty .  
i t  becomes quite ac t ive  above 2650 C .  
on ca t a lys t  26. 
hours was almost n i l ;  however, ra i s ing  the temperature t o  2500 C restored the cata- 
l y s t  t o  moderate ac t iv i ty .  Treating the ca t a lys t  w i t h  H 2  a t  4500 C res tores  the  
ca t a lys t  t o  near i t s  previous ac t iv i ty .  The cause of ac t iv i ty  loss  while on stream 
and i t s  restoration a re  not understood a t  present but t h i s  may have t o  do w i t h  
blocking of the ca t a lys t  surface by high molecular substances which are produced 
i n  small amounts b u t  which do not leave the ca t a lys t  surface a t  the temperature 
of reaction. 

Whereas t h i s  par t icu lar  iron ca t a lys t  was inactive a t  225' C 
Table IV shows the e f f ec t  of on-stream time 

Activity appears t o  d r o p  qu i t e  rapidly w i t h  time and a f t e r  10 

This i s  the subject of fur ther  investigation. 

Cobalt Catalyst 

Catalyst 33 i s  a cobalt  on y-alumina ca t a lys t  prepared by coprecipitation of 
cobalt  and aluminum n i t r a t e s  with sodium carbonate. 
compared with iron b u t  could be brought up to  appreciable ac t iv i ty  by ra i s ing  the 
temperature t o  2500 C .  
C$ production with no alcohol formation. S t i l l  the a c t i v i t y  f o r  C2-C4 production 
was considerable and these products were be t t e r  than 40% unsaturated. 
r e su l t s  make cobalt  an in te res t ing  metal f o r  additional study. 

This ca t a lys t  had low ac t iv i ty  

A t  t h i s  condition, t h i s  ca t a lys t  showed high methane and 

These 

Copper Catalyst 

Catalyst 34 i s  copper supported on y-alumina prepared in the same manner as 

T h i s  was as expected and i t  was a l so  expected t h a t  copper would 

Even t h o u g h  water was there  as a product, copper showed no 
This i s  an in te res t ing  finding and should be studied fur ther .  

the  cobalt  ca ta lys t .  
mostly methanol. 
show C02 formation since i t  i s  an important component of low temperature water gas 
s h i f t  ca ta lys t s  (15).  
C02 formation. 

Nickel Catalyst 

as with previous copper and cobalt  ca t a lys t s .  This par t icu lar  ca t a lys t  formulation 
contained copper as well. I t  i s  well known tha t  nickel i s  an exce l len t  methanation 
ca t a lys t .  
program. 
able way fo r  our purposes so a corresponding ca t a lys t  of nickel-copper was 
investigated.  
requiring 275' C to  show 18% conversion of the CO. 
cates strong water gas shift  tendency. 
copper metal since no alcohol was formed. 

Cobal t-Thori a 

T h i s  ca ta lys t  K1 was prepared by a method given i n  t he  l i t e r a t u r e  (16).  
Cobalt and thorium as  n i t r a t e s  were coprecipitated w i t h  ammonium carbonate solution 
and t o  the result ing s lu r ry  Kieselguhr was added. 
pelleted.  
par t icu lar ly  CH4 and Cg -C30 long chain hydrocarbons. 
were mostly saturated.  

Ru theni um Catalyst 

ind ica te  tha t  such a ca t a lys t  i s  l i ke ly  t o  y ie ld  CH4 and C5 
paraffins.  

Copper has low a c t i v i t y  and the principle product i s  R-OH,  

Catalyst K6 i s  a y-alumina supported nickel ca t a lys t  prepared by prec ip i ta t ion  

Consequently, we have not ye t  examined nickel by i t s e l f  in our t rea t ing  
Copper was found to  a l t e r  the ca t a ly t i c  properties of cobal t  in a favor- 

Carbon dioxide formation ind i -  
The data in Table I 1  show t h i s  ca t a lys t  to  have low a c t i v i t y  

Copper does not appear to  be present a5 

This mixture was then dried and 
I t  was found t o  be highly ac t ive  and produced high y i e lds  of paraffins 

The  C 2 -  C4 hydrocarbons 
This was expected based on data in the l i t e r a t u r e  (16).  

A ca ta lys t  based on t h i s  metal has n o t  y e t  been test9d. Li te ra ture  data 
h i g h  molecular weight 

I t  w i l l ,  however, be tes ted  under our conditions and reported l a t e r .  

141 



CONCLUSIONS 

Catalysts based on iron and cobalt  appear t o  have the most potential  f o r  
synthesizing C2-C4 hydrocarbons. 
the se l ec t iv i ty  and s t a b i l i t y  of iron ca t a lys t s .  
indicated fo r  cobalt  and possibly nickel t o  improve se l ec t iv i ty .  
a l so  planned on the mechanism of CO2 production. 

water produced i n  the reac t ion .  
ac t iv i ty  of o u r  ca t a lys t s  f o r  this reac t ion ,  and the  r o l e  this reaction plays i n  
our synthesis. Other t i pes  of c a t a l y t i c  metals and d i f f e ren t  supports will a l so  
be investigated in fu tu re  work. 
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TABLE I 

Composition and Treatment of Catalysts Studied 

IC1 22 26 33 34 K1 Wt-pct ( f )  

Fe304 
Fe 

cu 
co 

Ni 

CaO 

MgO 

A1203 
Si02 

K2° 

Kieselguhr 

Tho2  

21 -- - 

59.4 

29.3 

_- 

-- 

5.9 

0.9 

3.7 

-- 

0.8 

--  

-- 

- 1 1  Pretreatment a ,  e ,  b - 2/ Pretreatment a ,  e 
31 Pretreatment c 

Pretreatment d 

a 
b Reduced in H2 a t  450' C for  20 h r  
c Reduced i n  H a t  500° C fo r  4 h4. 
d Calcined in Ei r  a t  520' & fo r  4 hr, then reduced in H2 a t  275' C f o r  4 hr 
e Regenerated i n  H2 a t  500 C f o r  20 hr 
f Compositions of ca t a lys t s  a re  based on the calculated quan t i t i e s  o f  each 

metal s a l t  taken f o r  preparation. 

Reduced in H2 a t  550' C fo r  20 hr; then n i t r ided  in NH3 fo r  6 h r  
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TABLE I11 

iron ca t a lys t  
Effect of pretreatment and temperature of reaction f o r  commercial 

Pretreatment 

Temp, C 

Pressure, psig 

Space velocity,  cc/gm/sec 

$/CO 

CO conversion, % 

Product s e l ec t iv i ty ,% 

co2 

CH4 

C f 
'2'4 

R-OH 

o/ p 

a 

225 

750 

1.54 

2/1 

89.4 

39.4 

11.7 

24.8 

22.0 

2.1 

2.90 

b 

250 

750 

1 .54 

111 

75.9 

57.9 

2.5 

21.5 

18.1 

0.0 

4.65 

a 

225 

750 

1.54 

111 

0.9 

0.0 

25.9 

51.6 

22.5 

0 

2.2 

a 

265 

750 

0.77 

111 

47.7 

54.3 

8.5 

2 2 . 2  

12.1 

2.9 

1.62 

a 

250 

7 50 

0.77 

111 

20.7 

50.0 

8.1 

23.1 

17.3 

1.5 

1.5 

a Reduced i n  H2 550' C ,  f o r  20 hr, n i t r ided  i n  NH3, 325' C f o r  6 hr 

b Reduced i n  H 2  a t  450' C f o r  20 hr 
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